Characterization studies of clays are often performed to identify possible markets for these materials. Bearing this in mind, two samples of natural clays from the Southeast region of Brazil were studied. Conventional techniques of characterization were used. Granulometric analysis and determination of cationic exchange capacity of these clays were also performed. Nitrogen adsorptiondesorption measurements were used to determine the Brunauer-Emmett-Teller specific surface area, and Barrett-Joyner-Halenda and t-plot pore size analysis were carried out. The results obtained were similar for the two clays. Both present high clay fraction (above 80 wt%) composed of illite, kaolinite and quartz minerals. Stratified illite-smectite structures were also observed. Traces of calcite were detected in one of the clay samples, while traces of montmorillonite were observed in the other sample. These results were corroborated by the low cationic exchange capacity values obtained for both clays. These clays showed good adsorptive properties, evidenced by their specific surface areas, with predominantly mesoporous structures and slit-like pores. According to their features, these clays have potential use as adsorbents to replace more expensive materials due to their easy availability and low cost. Keywords: characterization techniques, clay minerals, natural clays. 
INTRODUCTION
Clay and clay minerals are abundant, inexpensive and environmentally friendly raw materials. These materials have been familiar to human since the earliest days of civilization [1, 2] . Their wide range of applications includes production of many consumer goods as well as therapeutic systems, often after purification and/or chemical surface modification [3] [4] [5] . Clays are defined as materials composed essentially of extremely small particles, composed of one or more members of a group of substances called clay minerals [6] . They also contain other minerals such as carbonates, feldspar, quartz, and (hydr)oxides of iron and aluminum. These components are referred to as associated minerals. Clays also can contain organic matter and other X-ray amorphous materials, which are named associated phases [7] . Clay minerals are composed essentially of silica, alumina or magnesia, or both, and water. Iron, alkalis and alkaline-earth elements are also frequently present in substantial concentrations [6, 8] . In general, clays are very heterogeneous materials whose characteristics depend on their geological formation as well as the extraction location. As a result, a clay deposit
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may contain many types of clay minerals slightly different. Therefore, small variations in the content of a particular component can cause drastic changes in the clay properties. Thus, characterization studies are needed to obtain a better knowledge of the industrial potential of a clay deposit, to optimize the extraction and processing of clay materials and to find new areas of applications [9, 10] .
Brazil has a large number of clay deposits, but the products obtained are generally of low added value. According to the Ministry of Mines and Energy (MME) [11] , the country's confirmed reserves amount to over six billion metric tons. São Paulo state accounts for more than 39% of these reserves, which include clays from four groups: common clays, ball clays, fireclays and bentonite/ Fuller's earth clays. The data presented by the most recent Brazilian Mineral Yearbook, published in 2010, also show that the production of processed clay represents only 14% of the output of raw clays. The consumer market for processed clay is concentrated in three areas: red ceramics (33.53%), civil engineering (21.68%), and floors and coatings (17.71%) [11] . The Taubaté Basin is located along the axis linking the urban centers of São Paulo and Rio de Janeiro, extending along the Paraíba River Valley from Jacareí to the city of Cruzeiro [12] . This region's mineral resources mainly consist of materials for construction (aggregates) and clays [13] . The mineral beds in the central region of this sedimentary basin are composed of interstratified clay minerals (illite-montmorillonite) and smectite, besides of illite, kaolinite and micas, among others [14] . The aim of this study was to characterize two clay samples from the central region of the Taubaté Basin. This is relevant since the results obtained can provide some criteria to develop clay materials with high added value.
MATERIALS AND METHODS
Materials: two clay samples from Taubaté and Tremembé, municipalities of the central region of Taubaté Basin in São Paulo state, Brazil, were used in this study. These samples were identified as Taubaté and Tremembé, according to the location of their respective deposits (Fig.  1 ). Both clays, with greenish color, were received already disaggregated (granulometry below 74 μm). Each sample was air dried for 24 h. Aliquots of each sample were obtained by homogenization and quartering procedures. One aliquot of each clay sample was fractionated by wet sieving through meshes of 53, 44 and 22 μm, to eliminate impurities such as quartz, feldspar and dolomites, among other non-clay minerals. All fractions obtained were dried at 50 ºC, in a forced-air oven and then weighed. The fraction with grain size less than 22 μm of both clays was disaggregated and homogenized with a mortar and pestle. These fractions were used in the subsequent characterizations. Characterization methods. Sedigraph particle size analysis: was determined using a Micromeritics SediGraph-5100 particle size analyzer. The clay samples for this analysis were prepared by adding 3 g of purified clay in 16 mL of deionized water. Then, this dispersion was subjected to magnetic stirring for 13 min and to ultrasonication for 4 min. Scanning electron microscopy (SEM)/energy dispersive X-ray spectroscopy (EDS): to determine the morphology, the clay particles were coated with silver (Bal-Tec/SCD005 sputter coater) under an Ar stream and examined by SEM using a Bruker FEI-Quanta-400 microscope equipped with an Oxford Instruments/Link-ISIS-30 EDS microanalysis system. X-ray fluorescence (XRF) spectroscopy: elemental composition of the clay samples was determined using the XRF technique. The analyses were carried out in a Panalytical Axios WDXR fluorescence spectrometer. Losson-ignition (LOI) was determined by sample calcination at 1000 ºC for 3 h. X-ray powder diffraction (XRD): mineralogical composition was determined using XRD. Randomly oriented powder samples were used for bulk mineralogy identification. To identify the clay minerals, the clay fraction of each sample was separated by gravimetric sedimentation [15] . Then, oriented powder samples were prepared using the smear-oriented mounting technique [16] . These oriented powder samples were X-rayed under three separate conditions: air-dried (natural), after saturation with ethylene glycol (glycolated), and after heating at 550 ºC for 5 h in a muffle furnace (heated). The XRD patterns were obtained using a Bruker D4 Endeavor diffractometer with CoKα radiation (wavelength of 1.79 Å), 40 kV and 40 mA, in the 2θ range of 4 to 80º, with a scan speed of 0.02º in 2θ/step, and counting time/step of 0.5 s. Fourier-transform infrared (FTIR) spectroscopy: FTIR spectra were obtained in a Varian Excalibur 3100 spectrometer, by scanning in the 4000 to 400 cm -1 range, with 2 cm -1 spectral resolution. Samples for FTIR analysis were prepared using the KBr pressed disk technique. Thermogravimetric analyses (TGA): of clay samples was performed with a PerkinElmer STA-6000 thermal analyzer. The temperature of the samples was increased from 30 to 995 ºC at a heating rate of 10 ºC/min under air atmosphere. Methylene blue adsorption tests: the methylene blue method (ASTM C-837-81 standard) [17] was used to determine the cation exchange capacity (CEC) of the clay samples. The samples were pretreated by drying at 60 ºC for 24 h. Then, they were sieved through a mesh of 74 µm. Nitrogen adsorption-desorption analysis: adsorption and desorption isotherms, measured at 77 K, were obtained with a Micromeritics ASAP-2020 accelerated surface area and porosity analyzer. The samples were degassed at 120 ºC for 60 h prior to the measurements at 77 K. Analyses were carried out using the settings and parameter values recommended by the equipment manufacturer [18] . Specific surface areas of the clay samples were determined from multipoint data analysis of adsorption isotherms [18, 19] according to the Brunauer-Emmett-Teller (BET) equation [20] :
where, v a is the adsorbed volume of nitrogen (N 2 ) at pressure P, P o is the saturated vapor pressure of nitrogen at 77 K, v m is the volume of gas adsorbed to produce an apparent monolayer on the sample surface, and C BET is a dimensionless constant which is related to the enthalpy of adsorption of N 2 on the powder sample. Experimental adsorption data in the relative pressure (P/P o ) range from 0.05 to 0.3 of the isotherms were used to construct the BET graph by plotting 1/[v a (P/P o -1)] versus P/P o . The slope (S) and the intercept (Y INT ) of the straight line appearing in the BET-plot were used to calculate the specific surface area (S BET ) of the clay samples, according to [18, 19] 
In order to verify the applicability of this method, C BET was calculated as (S/Y INT )+1 [18, 19] . The pore size distribution (PSD) and total pore volume (V BJH ) were calculated using the Barrett-Joyner-Halenda (BJH) method [21] . The Halsey thickness equation with Faas correction was used to calculate the thickness (t) of the layer adsorbed on the pore walls, to a given relative pressure [18] . The external surface area (S ext ), micropore area (S micro ) and micropore volume (V micro ) were determined by applying the t-plot method [18] . In this method, the adsorbed layer thickness (t) of N 2 was calculated with the Harkins-Jura equation. A t-curve was then obtained by plotting v a (Eq. A) versus t [18] . A straight line was obtained by linear fitting of the points in this plot. The intercept of this line with the vertical axis was S micro and the slope was V micro ; S ext was determined as S ext =S BET -S micro .
RESULTS AND DISCUSSION
The particle size and the mineralogical composition of clays are directly related; clay materials present a higher content of clay minerals in the finer fractions and higher content of non-clay minerals in the coarser fractions [22] . Non-clay minerals are regarded as impurities for many applications, such as nanofillers for polymer composites [23, 24] . Therefore, a fractionation step was necessary to obtain a clay sample with a higher grade of purity. Table I shows that the fraction with average particle size smaller than 22 μm was the major constituent of both clays (94.75 and 82.75 wt%). The features of these fractions evidenced by different characterization techniques are described below.
Granulometric distribution of the clay samples: clay minerals are normally present in the clay fraction of clay materials. These minerals of secondary origin are primarily responsible for the plasticity of a clay-water system [22, 25, 26] , among other properties. Fig. 2 presents the granulometric distribution curves of the clay samples. These curves show high concentrations (87.6 and 88.7%) of clay-size particles. Therefore, these clays should present high plasticity and high specific surface area [9, 27] . High values of these properties are important for applications in red ceramics [9, 26, 27] .
SEM micrographs and EDS spectra of the clay samples:
Figs. 3a and 3b show the SEM micrographs of the clay samples, revealing agglomerates of different sizes with irregular shapes. The presence of agglomerates is characteristic of materials with very fine grain size. Peak intensities of the EDS spectra (Figs. 3c and 3d) revealed that silicon (Si) and aluminum (Al) were the main elements. Iron (Fe), potassium (K), calcium (Ca), magnesium (Mg) and oxygen (O) were other identified elements. All these elements are commonly found in the clay minerals. The presence of silver (Ag) is associated to the metallization of the clay samples for SEM analysis.
Chemical composition by X-ray fluorescence analysis: XRF analysis allows the identification of the chemical constituents and the composition of the minerals contained in clays. According to the XRF analysis (Table II) 
[Tabela I -Resultados da análise granulométrica das amostras de argilas (como recebidas).]
and alumina (Al 2 O 3 ) are the two main components [28, 29] . These oxides accounted for around 71% of the total mass of the analyzed samples. The silica content indicated the presence of clay minerals, quartz and feldspar, whereas the alumina content indicated kaolinite [27, [28] [29] [30] [31] [32] [33] . The molar ratio (SiO 2 /Al 2 O 3 ) was 2.76 for the Taubaté sample and 2.57 for the Tremembé sample. The molar ratio value is 1.8 for pure kaolinite [26] . The results obtained suggested the presence of quartz and other silicates in both samples.
A published study [34] shows that a molar ratio greater than 2 indicates the presence of montmorillonite. [29, 30] . The total amount of these oxides in the clays under investigation was quite high, around 7.7%. Therefore, both clays may have good flux properties [36, 37] . The high content of Al, Fe and K makes both clays attractive for use in cosmetic applications. These clays contained concentrations of these elements higher than some cosmetic clays characterized by Abel [38] . The content of theses oxides was similar to those of two French clays used for healing [39] . These results suggested that the Taubaté and Tremembé clays can also be used for this application. Among the minor components (less than 1%) contained in both clays, only titanium (Ti) and phosphorus (P) were detected by EDS analysis. As shown by the LOI values (Table II) , the Tremembé clay had the highest content of organic matter and volatiles [28] .
Both clays presented low CEC values (Table II) , 12.7 and 11.3 meq/100 g of dried clay. The smectitic clays present CEC values in the range of 40 to 150 meq/100 g (of dry clay), illite shows CEC values between 10 and 40 meq/100 g, and kaolinite presents CEC values between 3 and 15 meq/100 g [40, 41] . Hence, the CEC values obtained indicated that both clays contained high concentrations of inactive or poorly active materials, such as quartz, kaolinite and illite. The CEC results also showed that the Tremembé clay had higher concentrations of these materials than the Taubaté clay [42] . The CEC values indicate that both clays possibly contained kaolinite or illite or both in high concentrations. The presence of kaolinite and illite combined with a high content of Fe 2 O 3 can be useful for developing ultraviolet (UV) protection formulations [43] . Thao [43] showed that kaolins and clays with high content of mica absorb UV-radiation better than bentonites and mixed-layer (illite-smectite) clays, while all of them have equal Fe 2 O 3 concentrations.
Mineralogical composition by X-ray diffraction: the XRD patterns of bulk clay samples (data not shown) exhibited intense reflections of kaolinite and quartz. The XRD pattern of Taubaté clay showed the presence of muscovite and traces of calcite, while the XRD pattern of Tremembé clay showed this sample contained illite. The XRD patterns of both clay fractions displayed mainly basal reflections of illite, kaolinite and quartz, besides traces of muscovite, phlogopite and biotite. Traces of both calcite and halloysite were present in the Taubaté clay whereas traces of montmorillonite were present in the Tremembé clay. The XRD patterns of oriented natural, glycolated and heated samples (Fig. 4) for the two clay fractions were very similar for all treatments. The diffractograms showed that illite, kaolinite and quartz were the major phases present in the samples. In the XRD patterns of Taubaté clay (Fig. 4a) , illite was detected by the peaks (001) at 10.05 Å and (002) at 5.2 Å of illite, and kaolinite was detected by peaks (001) at 7.32 Å and (002) at 3.58 Å. In the XRD patterns of the Tremembé clay (Fig. 4b) , illite was identified by the presence of peaks (001) at 10.29 Å and (002) at 4.98 Å while kaolinite was detected by the peaks (001) at 7.16 Å and (002) at 3.58 Å. The illite peak (003) at 3.3 Å was overlapped by the quartz peak at 3.35 Å. Quartz peak (001) was not present [44] . The XRD patterns of glycolated samples showed small variations in the position of the illite peak (001) of Taubaté clay, whereas that peak of Tremembé clay remained at 10.29 Å. Thus, the presence of illite was verified in both clays. The shoulder detected to the left of the first-order peak of illite indicated the presence of an inter-stratified illite/smectite structure [45] . This shoulder was more evident in the diffractograms of Taubaté clay. The XRD patterns of heated samples did not show the characteristic peaks of kaolinite (dioctahedral). This result verified the presence of kaolinite in both clays [44] . The results obtained in this work for both clay samples showed that the dominant clay minerals were illite and kaolinite. Mixtures of kaolinite and illite are the most widely used clay material in the ceramics industry. Illite is one of the main clay phases used in the traditional ceramics industry [46] . Both clays also contained quartz as the principal associated mineral and stratified structures of illite and smectite. Fourier-transform infrared spectra of clay samples: the FTIR spectra of both clay samples (Fig. 5) showed similar profile in two ranges of frequency, 3400 to 3000 cm -1 and 1650 to 400 cm -1 . Table III shows the principal bands and the possible assignments. From the FTIR spectra obtained, the following minerals were identified: i) illiteindicated by bands at 3697. 5 showed the presence of montmorillonite in the clays studied [50] ; the absorbance at 3620 cm -1 is typical for dioctahedral montmorillonites with a high amount of aluminum in the octahedral site; v) illitesmectite -the absorption band at 794.7/796.6 cm -1 , related to the angular deformation of the Fe-OH and Mg-OH bonds, highlighted the presence of illite-bentonite mixtures [54] ; vi) calcite -the absorption band at 1435.0/1433.1 cm -1 , related to the CO stretching of carbonate, was attributed to calcite [50] . Fig. 5 also shows were assigned to the vibration of the C-H bond in CH 2 [55] . The greater intensity of bands in the FTIR spectrum of Tremembé clay might be attributed to the higher LOI value of this clay, which was directly related to the organic and volatile materials contained in clays. Smaller peaks at higher frequencies indicated the presence of small amounts of organic material [56] . The results obtained by FTIR were compatible with those obtained by XRD analysis. Thermogravimetric analysis of clay samples: Table IV gives information about the thermal stability of the clay samples under investigation. Significant mass loss (Δm) occurred in two temperature ranges: i) between 30 and 150 °C, where Δm was 6% for both clays; and ii) between 400 and 800 °C, where Δm was 6.5% for Taubaté clay and 6% for Tremembé clay. TGA showed that the total mass loss was 14.6% for Taubaté clay and 15.3% for Tremembé clay. The mass losses in the temperature range from 30 to 400 ºC were attributed to evaporation of the surface water and the interlayer water. The first endothermic event (dehydration) generally occurs at 100-200 ºC for illite and at 100-250 ºC for smectite [57] . The dehydration temperature of the clays under investigation was T1=78 ºC. Similar T1 values and others lower than T1 have been reported for different Brazilian clays [33, 34] . The temperature peaks T2=220/250 ºC and T3=330/350 ºC indicate the presence of the exchangeable cations, Ca and Mg. These peaks were attributed to the loss of coordinated water molecules of Ca and Mg cations. The presence of Na and K as exchangeable cations was not evidenced in this analysis [10] . T3 can also be attributed to the carbon loss of calcite [58] . A low content of exchangeable cations or high content of kaolinite can be expected in Taubaté clay because T2 was less than 250 ºC [10] . The mass losses at 400-800 ºC occurred by dehydroxylation and formation of quasi-stable dehydroxylated phases. Kaolinite undergoes an endothermic reaction in the 550-600 ºC range, illite in the 500-650 ºC range, and smectite in the 600-700 ºC range [57] . The mass loss of dehydroxylation represents 3.7 and 3.8% of initial mass. The temperature T4=513/510 ºC was associated with the presence of smectites (with a high concentration of iron) or illites or kaolinites, or all them. The transformation from a-quartz to b-quartz occurs at around 565 ºC. The absence of an endothermic peak at this temperature was attributed to a low content of free silica [57] [58] [59] in the clays. The temperature T5=700 ºC was associated with: i) dehydroxylation of an aluminous smectite present in a very low concentration; or ii) dehydroxylation of an interstratified smectite; or iii) the structural modification of kaolinite; or all of them. For temperatures above 700 ºC, recrystallization and formation of new phases occur [58] . The results obtained also matched the results of the previous analyses by XRD and FRX.
Nitrogen adsorption-desorption analysis: according to the classification of the International Union of Pure and Applied Chemistry (IUPAC) [60] , both clays showed isotherms with profile similar to type IVa isotherms, Fig. 6a . A hysteresis loop and a limit of adsorption in the region of high relative pressure (plateau) are features of these isotherms. The hysteresis loop of isotherms was H3-type, which indicated the presence of slit-shaped pores [60] . Isotherms with this profile have been observed for the adsorption of N 2 and O 2 in montmorillonite clays [61] . The volume adsorbed in the region of very low relative pressures, P/Po below 0.06, indicated some presence of micropores (pores with width below 20 Ǻ [60] ). The slope in the region of low relative pressures, 0.06-0.4 range, was attributed to monolayer-multilayer adsorption. The second slope indicated adsorption by capillary condensation. The rapid increment of the amount adsorbed from a relative Considering the adsorbed amounts, a larger surface area was attributed to Taubaté clay. In short, the profile of isotherms and their hysteresis loops indicated that the clays had a porous structure formed mainly by mesopores, associated with some micropores, predominantly with slit-like format. This pore format was consistent with the lamellar structure of clays. BET specific surface area determination: the BETplots of each isotherm, Fig. 6b , were linear over the relative pressure range from 0.05 to 0.3. Adsorbed nitrogen quantities smaller or larger than the true values are provided by the BET equation when the relative pressures in the BET-plot are higher or lower than the limits of this linearity range [62] . The correlation coefficient (R, Table V) for both linear BET plots were higher than 0.999 [20] . These results confirmed the appropriateness of using the BET model to determine the specific surface area of the material under investigation. Table V shows the BET specific surface area (S BET ) values obtained. These values, 128.5 and 112.6 m 2 /g, were higher than those found for some other natural Brazilian clays [63] [64] [65] . A "good" smectite clay acidactivated used as a bleaching agent should have a specific surface area in the range of 120-140 m 2 .g -1 [66] . Thus, according to this parameter both clays can be classified as good natural adsorbents. The Taubaté clay can be used as a natural bleaching agent. It is important to emphasize that acid treatment can enhance the S BET values of clays [66, 67] . The C BET values obtained, Table V , were within the range from 50 to 300. These results also demonstrated that BET method was suitable to determine the specific surface area of the material [20] . The S BET and C BET values showed an inverse relation. The C BET values indicated that higher microporosity is expected for Tremembé clay, because its larger C BET value [68] .
Barrett-Joyner-Halenda (BJH) mesopore analysis:
Figs. 7a and 7b show the total pore volume (V BJH ) and pore size distribution (PSD) determined by the BHJ method using the adsorption curve data. The use of this curve is recommended considering that it is subject to little influence of the phenomenon referred to as the tensile strength effect [69] . Predominance of mesopores in the size range of 90-400 Ǻ (Fig. 7b ) was observed for both clays. This result was in agreement with the observations from isotherm analysis.
t-Plot micropore analysis: the presence of micropores was verified for both clays due to the appearance of positive intercepts in the t-plot (Fig. 8) . Table V shows the calculated values of the microporous parameters. These values were low, as expected. The micropore areas (S micro ) were much smaller than the external areas (S ext ). Furthermore, micropore volumes (V micro ) accounted for 4% of the total pore volume. Hence, these results suggested that the external surface was the predominant active surface. These results were typical of a much-closed lamellar structure, preventing access to the interior of the interlamellar space [42] .
CONCLUSIONS
The results obtained indicate that the natural clays under investigation were from the same geological formation. Similar results were obtained in the different analyses performed in this work. Both clays present high clay fraction (above 80%) with high concentrations of Fe, K, Ca and Mg oxides. The XRD patterns showed that illite and kaolinite were the dominant clay minerals and that quartz was the main impurity. XRD also showed the presence of interstratified structures in both clays, besides the presence of aluminous smectites in the Tremembé clay. The other characterization techniques gave support to the conclusions described above. The textural characterization indicated that both clays were mesoporous, with a wide distribution of particles sizes and high adsorbent capacity. A possible application for both clays might involve replacement of other more expensive adsorbents, because of these clays' availability, low cost and good adsorption properties.
